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INTRODUCTION
The production of microbial exopolysaccharides has been identified as a potential growth area for the fermentation industry (Sutherland & Ellwood, 1979) . These compounds have the capacity for altering the rheological properties of aqueous solutions, either by gelation or alteration of flow characteristics, properties that are in great demand in the food and textile industries and with a potentially large market in the oil industry.
Alginic acid is one such exopolysaccharide which has been studied with a view to commercial exploitation. Alginate production by a mutant of Azotobacter uinelandii in continuous culture was shown to be dependent on the inorganic phosphate concentration (Deavin et al., 1977) . Horan et al. (1981) demonstrated that alginate formation in batch cultures of A . vinelandii was also dependent on the carbon source and that the rate of alginate biosynthesis was controlled by derepression of the key biosynthetic enzymes, namely phosphomannose isomerase, GDPmannose pyrophosphorylase and GDPmannose dehydrogenase.
The site of synthesis of exopolysaccharides, lipopolysaccharides and peptidoglycan is the cell membrane ; synthesis of these components occurs simultaneously and often shares common Determination of encystment. Washed cell suspensions were induced to encyst by resuspension in the phydroxybutyrate medium of Lin & Sadoff (1968) . The degree of encystment was determined by placing a drop of the encysting culture on a microscope slide and counting the number of vegetative cells and optically refractile cysts per field by phase-contrast microscopy with a Zeiss photomicroscope.
Chemicals and biochemicals. Analytical grade chemicals were used wherever possible. Non-physiological buffers were obtained from Sigma. Mannose 6-phosphate was purchased as the insoluble barium salt and converted to the sodium salt by addition of a slight molar excess of sodium sulphate. Barium sulphate was removed by centrifuging.
Determination of metabolic quotients. The C 0 2 content of culture effluent gas was measured with an IR C 0 2 analyser (Lira model 300, Mine Safety Appliances Ltd., Glasgow, U.K.) and O2 with a Servomex OA 137 oxygen analyser (Servomex Controls Ltd). Oxygen uptake by the culture was determined as the difference between the concentrations of influent and effluent 0 2 . For the calculation it was assumed that the difference in volume between the gas entering the chemostat and the gas leaving it was negligible. No corrections were made for standard temperature and pressure, which were negligible.
Carbohydrate determination. Carbohydrates were determined as their trimethylsilyl ether derivatives, prepared according to Sweeley et al. (1963) , and assayed by GLC using a column of OV-17 on Chrom Q. Fructose and glucose were resolved at a column temperature of 150 "C as was the internal standard cellobiose; sucrose was resolved at 250 "C with an internal standard of trehalose. The nitrogen flow rate was 20 ml min-' .
Protein determination. The protein content of culture supernatants was measured by the Lowry method.
R E S U L T S
Efects of dissolved oxygen tension On increasing the d.0.t. of the culture from 0 to 10% of air saturation A . vinelundii SM52B exhibited the classical response of 'respiratory protection', with a large increase in respiration rate and poly-P-hydroxybutyrate mobilization and increased oxidation of the carbon source (Table 1) .
The rate of alginate biosynthesis was also affected by d.0.t. (Table 2 ), increasing to a plateau between 1 and 5% d.0.t. and then decreasing at higher d.0.t. values. The activities of two of the key enzymes of alginate biosynthesis, phosphomannose isomerase and GDPmannose pyrophosphorylase, showed concomitant changes whereas GDPmannose dehydrogenase activity was unaffected. Glucokinase and fructokinase activities both increased by up to 60% as the d.0.t. increased, presumably leading to the observed increase in rate of substrate utilization.
Growth on sorbitol
We observed previously that during batch growth with sorbitol as the sole source of carbon, alginic acid was not produced by A . vinefandii SM52B and the key enzymes of alginate biosynthesis were not detected in cell extracts (Horan et al., 1981) . For this reason the effect on alginate biosynthesis of a transition from sorbitol to sucrose as the sole carbon source was determined. The organism grew well on sorbitol in phosphate-limited continuous culture at a dilution rate of 0.1 h-l with a cell density of 3.5 g dry wt organism 1-l and a poly-Qhydroxybutyrate content of 25% of the dry wt (d.0.t. 1 %). Alginate was not produced and key enzymes of its biosynthesis were not detected in cell extracts. When the medium was changed to a similar one containing sucrose instead of sorbitol, alginate appeared in the culture supernatant after 16 h and alginate production characteristic of growth on sucrose was attained after 45 h. Again appearance of the key enzymes of alginate biosynthesis was observed concomitantly with production of alginate by the organism (Table 3) . Activity of alginate lyase during continuous culture Because of the low yields of alginate obtained during continuous cultivation as compared with those characteristic of batch culture [l mg and 6 mg alginate (mg dry wt organism)-1 respectively], the activity of alginate lyase was assayed in the suspending fluid (Table 4) . Both the activity of this enzyme and the amount of protein found in culture supernatants were considerably higher during continuous cultivation compared with batch cultivation.
Isolation of a non-alginate-producing mutant of A . vinelandii
Growth of A . vinelandii SM52B on sucrose in continuous culture for longer than 300 h resulted in a gradual loss of alginate-producing ability, and the appearance of small non-viscous colonies was observed on agar plates during routine purity checks. Within 72 h of the first appearance of these small colonies, the ability to produce alginate was completely lost and no characteristic large viscous colonies were observed on agar plates. Alginate-producing ability appeared to be the only major characteristic to change in continuous culture; respiration rate, protein and poly-P-hydroxybutyrate content all remained constant. Another feature observed during the characterization of this mutant was the loss of its ability to form cysts. If washed suspensions of strain SM52B were resuspended in encystment medium, within 60 h 96% of the cells were present as optically refractile cysts. The non-alginate-producing mutant yielded only 0.1 % cysts after 84 h. Cell extracts prepared from this mutant grown in continuous culture lacked the key enzymes of alginate biosynthesis although the activities of glucokinase and fructokinase were unc hanged.
DISCUSSION
Alginate production by the mutant SM52B showed similar characteristics to those of the parent A . vinelandii strain (Jarman et al., 1978) . In continuous culture the rate of alginate synthesis was lower under oxygen limitation and was also dependent on d.0.t. under phosphate limitation. The loss of alginate-producing ability on prolonged'continuous culture was more pronounced in the mutant, which displayed a rapid decline after 300 h cultivation whereas the parent strain has been cultivated for more than 1000 h without significant decline in alginate synthesis (T. R. Jarman, unpublished observations). Such loss of alginate-producing ability during continuous cultivation is not unique to this mutant organism. Mian et al. (1978) grew mucoid Pseudomonas aeruginosa for 112 h in continuous culture, after which time the culture contained 45 % non-mucoid organisms ; similarly many mucoid clinical isolates of P . aeruginosa become non-mucoid when grown on synthetic media (Govan et a[., 1979) .
The correlation between the activities of the key enzymes of alginate biosynthesis and concentrations of alginate in the growth medium provides further evidence that control is exerted by repression and derepression. A genetic basis for such control has been sought by Fyfe & Govan (1980) to explain the appearance of mucoid and non-mucoid strains of P . aeruginosa. The ability to produce alginate is transferable between strains of this organism by conjugation. The results of mating experiments with mucoid and non-mucoid strains suggested that control of alginate production involves at least one chromosomal locus although the number of genes involved in control could not be determined since a closely-linked marker had not been found. The genetic basis for the control of colanic acid synthesis in Escherichia coli K12 has been reviewed by Markovitz (1977) . Non-mucoid strains of this organism could be induced to become mucoid when grown in the presence of p-fluorophenylalanine and it was inferred that all strains possessed the necessary genotype for colanic acid synthesis but the majority had this ability repressed by a regulatory gene rendered inactive by p-fluorophenylalanine. Sutherland (1977) has speculated that polysaccharide production in other genera may be controlled by similar regulatory genes; a search for a vector carrying the genes controlling alginate biosynthesis in A . vindandii might prove fruitful in elucidating the precise mechanism by which the activities of the enzymes of alginate biosynthesis are repressed and derepressed.
The loss of ability to encyst shown by the non-polysaccharide-producing isolate of A . vineiandii provides supporting evidence for a structural role for alginic acid in encystment (Page & Sadoff, 1975) . These authors have found mannuronic and guluronic acid residues in both cyst exine and intine layers and in abortive encystment slime. The ratio of polymannuronate to polyguluronate in A . vinelandii is mediated by a Ca2+-dependent polymannuronate C-5 epimerase (Haug & Larsen, 1971 ) and a non-encysting mutant isolated by Page & Sadoff (1975) lacked this enzyme, Unfortunately, these authors did not attempt to assay other enzymes of alginate biosynthesis.
Continuous cultivation of bacteria with high impeller speeds may result in damage to the integrity of the cell membrane by shear (Finn & Fiechter, 1979) . The observation of high unsaturated uronic-acid levels and the presence of glucose and fructose in culture Supernatants of sucrose-grown A . vinelandii suggest that this organism possesses a fragile cell membrane which is damaged during continuous cultivation, allowing leakage of intracellular proteins including invertase and alginate lyase. The action of alginate lyase yields a product unsuitable for commercial application and thus this organism appears a poor choice for commercial exploitation, unless alginate lyase activity can be diminished through mutation or inhibition, or its leakage from the cells suppressed. 
